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INTRODUCTION 

Separat ions us ing  s u p e r c r i t i c a l  o r  n e a r - c r i t i c a l  f l u i d s  as so lvents  a re  
f requen t l y  c a r r i e d  o u t  i n  t h e  presence o f  water. E x t r a c t i o n  o f  products from 
fe rmenta t ion  bro ths ,  t e r t i a r y  o i l  recovery by C02 f lood ing ,  and 
s u p e r c r i t i c a l - f l u i d  (SCF) chromatography are  examples o f  separa t ions  i n  which 
water  can be present. Such systems w i l l  o f t e n  e x h i b i t  phase behavior i n  which 
severa l  c o e x i s t i n g  f l u i d  phases a r e  present  a t  equ i l i b r i um.  For example, 
ex tens i ve  regions o f  l i q u i d - l i q u i d - g a s  e q u i l i b r i u m  have been observed f o r  
water-alcohol-SCF m ix tu res  (1-3), and even f o u r  coex is t i ng  phases 
( l i q u i d -  i u id - l i qu id -gas )  have been observed f o r  n-propanol-water-C02 
m i  x t  ,res{ 47.  

There are  severa l  p r a c t i c a l  i m p l i c a t i o n s  o f  three-phase, 
1 i q u i d - 1  iqu id -gas  equ i l i b r i um.  For  convent iona l  e x t r a c t i o n  processes, i t  i s  
d e s i r a b l e  t o  avo id  such regimes, o r  i n  t h e  case o f  C02 f l o o d i n g  o f  o i l  
r ese rvo i r s ,  t o  accu ra te l y  account f o r  m u l t i p l e  phases i n  de termin ing  
e x t r a c t i o n  e f f i c i e n c y .  A l t e r n a t i v e l y ,  t h e  fo rmat ion  o f  two l i q u i d  phases i n  
t h e  presence o f  a compressed gas can be e x p l o i t e d  t o  achieve a des i red  
separat ion.  

phase e q u i l i b r i a  a t  e leva ted  pressures f o r  t h e  system isopropanol-water-C02. 
These r e s u l t s  i n c l u d e  measured e q u i l i b r i u m  composi t ions f o r  two, th ree ,  and 
f o u r  c o e x i s t i n g  f l u i d  phases over a range o f  temperatures and pressures i n  t h e  
v i c i n i t y  o f  t h e  c r i t i c a l  p o i n t  o f  CO2. 
e q u i l i b r i a  f o r  t h i s  three-component system i s  a l s o  presented. The s imu la t ion ,  
which i s  based on t h e  Peng-Robinson equat ion  of  s t a t e ( 7 )  and t h e  exper imental  
r e s u l t s ,  d m n s t r a t e s  t h e  complex i ty  o f  phase behavior t h a t  can be ob ta ined 
f o r  aqueous s o l u t i o n s  i n  t h e  presence o f  SCF solvents.  This phase behav io r  
must be understood f o r  c o r r e c t  i n t e r p r e t a t i o n  o f  SCF e x t r a c t i o n  experiments, 
and f o r  design o f  separa t ion  processes us ing  s u p e r c r i t i c a l  o r  n e a r - c r i t i c a l  
so l ven ts  a t  e leva ted  pressures. 

I n  t h i s  paper, we present t h e  r e s u l t s  o f  an i n v e s t i g a t i o n  o f  f l u i d  

A computer s imu la t i on  o f  t he  phase 

EXPERIMENTAL SECTION 

Phase composi t ions ( t i e  l i n e s )  f o r  l i qu id -gas  e q u i l i b r i u m  were measured 
u s i n g  a f low techn ique f o r  m ix ing  and f o r  cont inuous sampling o f  t h e  phases. 
E q u i l i b r i u m  composi t ions f o r  t h r e e  and f o u r  c o e x i s t i n g  phases were ob ta ined 
u s i n g  a s t a t i c  techn ique w i t h  a var iable-volume view c e l l .  Th is  technique 
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i nvo l ved  c a l c u l a t i n g  phase composi t ions f rom component ma te r ia l  balances and 
measured phase volumes a t  known Ce l l  loadings; no sampling o f  t h e  i n d i v i d u a l  
phases i s  r e  uired. Both exper imental  techniques are descr ibed i n  d e t a i l  
e l sewhere (5~  z 1. 

Phase composi t ions f o r  l i qu id -gas  and l i q u i d - l i q u i d - g a s  e q u i l i b r i a  were 
F igure  1 measured as a f u n c t i o n  o f  pressure a t  several  constant temperatures. 

shows these r e s u l t s  f o r  60°C i n  t h e  form o f  t r i a n g u l a r  phase diagrams 
corresponding t o  d i f f e r e n t  pressures. 
t h e  three-phase t r i a n g l e s  a t  t h e  i n te rmed ia te  pressures have been omi t ted  f o r  
c l a r i t y .  
F igu re  2 g i ves  t h e  measured composi t ions o f  these phases a t  40°C and 1110 
psia. 

The two-phase regions which bound 

A t  lower temperatures, four e q u i l i b r i u m  phases were observed, and 

EQUILIBRIUM PHASE BEHAVIOR 

The phase behav io r  dep ic ted  i n  F igure  1 shows a dramatic s h i f t  i n  the  
t i e  l i n e s  f o r  l i qu id -gas  e q u i l i b r i u m  as pressure i s  changed from 1500 ps ia  t o  
2000 psia. A t  t he  lower  pressure, t he  s o l u b i l i t i e s  o f  water and isopropanol  
i n  s u p e r c r i t i c a l  C02 a r e  low, al though t h e  s e l e c t i v i t y  f o r  t h e  a l coho l  i s  
high. A t  2000 psia,  h i g h  s o l u b i l i t i e s  a re  ob ta ined w i t h  lower a lcoho l  
s e l e c t i v i t i e s .  A cont inuous s h i f t i n g  of  t h e  t i e  l i n e s  between these two 
pressures can no t  ob ta ined,  however, as th ree  c o e x i s t i n g  phases emerge a t  
i n te rmed ia te  pressures. 
s p l i t s  i n t o  two l i q u i d  phases a t  a pressure between 1500 and 1600 p s i a  (a 
c r i t i c a l  endpoint) .  As pressure i s  increased fu r the r ,  t h e  composi t ion o f  the  
l i q u i d  phase o f  i n te rmed ia te  dens i ty ,  L2, approaches t h a t  o f  t h e  carbon 
d i o x i d e - r i c h  gas phase, and t h e  a lcoho l  concent ra t ion  i n i t i a l l y  increases and 
then  decreases. 
s i n g l e  f l u i d  phase (another c r i t i c a l  endpoint)  a t  a pressure j u s t  below 2000 
ps ia .  

p r o p e r t i e s  o f  C02 can be  changed s i g n i f i c a n t l y  over a r e l a t i v e l y  small 
p ressure  range. Thus so l ven t /ex t rac t  separa t ion  can be e a s i l y  achieved, and 
an opt imal r a t i o  o f  so l ven t  capac i ty  t o  s e l e c t i v i t y  can p o t e n t i a l l y  be 
se lec ted ,  depending on whether th ree  c o e x i s t i n g  phases can be avoided i n  the  
separa t ion  process. 
separa te  o t h e r  components t h a t  would be present i n  d i l u t e  aqueous s o l u t i o n  by 
d i s t r i b u t i n g  these components between t h e  L1  and L2 phases. The advantage o f  
such a separat ion would i nc lude  (1) moderate opera t ing  temperatures and 
pressures, (2) t h e  a b i l i t y  t o  con t ro l  t h e  composi t ion o f  t h e  i n te rmed ia te  
phase w i th  pressure, ( 3 )  t h e  complete r e v e r s i b i l i t y  o f  t he  phase s p l i t t i n g ,  
and (4) the  a b i l i t y  t o  fo rm two l i q u i d  phases w i t h  components t h a t  a re  s i m i l a r  
i n  molecular nature. 

phase behavior f o r  t h i s  t e r n a r y  m ix tu re  can be q u i t e  complex a t  cond i t i ons  
near t h e  c r i t i c a l  p o i n t  o f  C02. 
f o r  t h i s  system, t h e  Peng-Robinson equat ion o f  s t a t e  was f i t  t o  t h e  

With i nc reas ing  pressure, t h e  wa te r - r i ch  l i q u i d  phase 

Even tua l l y  t h e  L2 phase and the  gas phase merge t o  form a 

One p r a c t i c a l  i m p l i c a t i o n  o f  t h i s  phase behavior i s  t h a t  the  so lvent  

It i s  a l s o  poss ib le  t o  use t h e  two l i q u i d  phases t o  

The four-phase e q u i l i b r i u m  i l l u s t r a t e d  i n  F igu re  2 suggests t h a t  t h e  

I n  order  t o  descr ibe global  phase e q u i l i b r i a  
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exper imental  r e s u l t s  and than used t o  p r e d i c t  phase behav io r  over  an extended 
reg ion  o f  temperatures and pressures. D e t a i l s  o f  these c a l c u l a t i o n s  a re  g iven 
elsewhere(6). 
isopropanol-water-C02 i s  g iven  i n  F igure  3. Th is  p r o j e c t i o n  dep ic t s  t h e  
four-phase (LLLG) l i n e  f o r  t h e  te rna ry  m ix tu re ,  t h e  three-phase (LLG) l i n e  f o r  
t h e  b i n a r y  water-C02 system, t h e  vapor pressure curve  f o r  carbon d iox ide  (CO2 
VP), and t h e  l i q u i d - g a s  and l i q u i d - l i q u i d  c r i t i c a l  l i n e s  (dashed l i n e s )  which 
bound t h e  three-phase reg ions  f o r  t he  t e r n a r y  mixture.  

Two impor tan t  aspects o f  t he  phase behav io r  a re  ev ident  from t h i s  
p ro jec t i on .  F i r s t ,  t h e  three-phase reg ion  extends t o  r e l a t i v e l y  h igh  
temperatures and pressures; t h a t  i s ,  t h e  mul t iphase behavior i s  no t  l i m i t e d  
t o  cond i t ions  c lose  t o  t h e  c r i t i c a l  p o i n t  o f  C02. 
pressures near t h i s  c r i t i c a l  p o i n t ,  t h e  phase behavior can be q u i t e  complex. 
Four d i f f e r e n t  three-phase reg ions  bound t h e  four-phase l i n e ,  and t h e r e  a re  
f i v e  d i f f e r e n t  two-phase reg ions  which bound these three-phase regions. 
Obviously,  simp1 e screening experiments on t h i s  three-component system t o  
o b t a i n  " rep resen ta t i ve "  a lcoho l /water  s o l u b i l i t i e s  i n  compressed COP c o u l d  
g i ve  d ramat i ca l l y  d i f f e r e n t  r e s u l t s  depending on t h e  temperature,  pressure, 
and m i x t u r e  composi t ion examined. A t  temperatures below 20°C, even m r e  
complex behavior i s  poss ib le  s ince  a s o l i d  hydra te  phase can a l s o  be 
obtained. 

The c a l c u l a t e d  pressure-temperature p r o j e c t i o n  fo r  

Second, a t  temperatures and 

I n  conclusion, our  exper imental  r e s u l t s  and model c a l c u l a t i o n s  
deimnstrate t h a t  complex mu1 t i  phase behav io r  can occur f o r  m ix tu res  con ta in ing  
water and s u p e r c r i t i c a l  o r  n e a r - c r i t i c a l  f l u i d s  a t  e leva ted  pressures. The 
a b i l i t y  t o  p r e d i c t  such behav io r  i s  an impor tan t  f a c t o r  i n  i n t e r p r e t t i n g  
s o l u b i l i t y  behavior f o r  SCF so l ven t  e x t r a c t i o n s  and f o r  t h e  design o f  
separa t ion  processes us ing  dense f l u i d s  a t  e leva ted  pressures. 
form two l i q u i d  phases i n  t h e  presence o f  a compressed gas can a l s o  be 
e x p l o i t e d  t o  achieve a des i red  separa t ion  o f  n o n v o l a t i l e  components i n  d i l u t e  
aqueous s o l u t i o n s  where i t  i s  not poss ib le  t o  d i sso l ve  these components i n  a 
dense f l u i d  such as compressed CO2. 

The a b i l i t y  t o  
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FIGURE 1. 

Experiment01 Two-  Phase 
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Figure 2. 

Experimenlol Four- Phose Compositions 
o i  4 0 %  ond I I10 p s i  
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